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In frog oocytes, activation of mitogen-activated protein kinase (MAPK, ERK) leads to activation of cdc2 and germinal
vesicle breakdown (GVBD). By contrast, in star®sh, MAPK is activated after GVBD. Here we have examined the relative
involvements of MAPK and cdc2 in GVBD of Chaetopterus oocytes. MAPK was rapidly tyrosine-phosphorylated and
activated (within 1±2 min) in response to exposure of the oocytes either to natural seawater (the normal trigger of GVBD
in this organism) or to the tumor-promoting phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA), which can also
elicit GVBD. This response preceded the tyrosine dephosphorylation and activation of cdc2 by several minutes. MAPK
phosphorylation and activation were transient, lasting only until GVBD occurred and the spindle migrated to the cortex.
The enzyme was not phosphorylated again as a result of egg activation. These results are consistent with the hypothesis
that the activation of MAPK has a role in GVBD. However, PD 98059, a potent and selective inhibitor of MEK, the protein
kinase that phosphorylates and activates MAPK, blocked the phosphorylation of MAPK but did not block GVBD, the
dephosphorylation and activation of cdc2, or spindle formation and migration. Oocytes that underwent GVBD in PD 98059
could be fertilized and cleaved normally. Ionophore A23187, although it caused germinal vesicles to disappear and caused
transient phosphorylation of MAPK, did not cause dephosphorylation of cdc2, and therefore this disappearance is artifactual.
These results suggest that MAPK activation is neither obligatory nor suf®cient for either GVBD or meiotic metaphase arrest
in Chaetopterus and that activation of MAPK and cdc2 occur on independent, parallel pathways. q 1997 Academic Press
INTRODUCTION transduction and ampli®cation. This kinase family and its
activation cascade are also highly conserved (Boulton et al.,
Cell cycle progression to M phase is regulated by a com- 1991; Campbell et al., 1995; Gotoh and Nishida, 1995; Levin
plex series of protein kinases and phosphatases and their and Errede, 1995; Kyriakis and Avruch, 1996). MAPKs are
effectors. The key component of this series is the cdc2 pro- activated as the result of phosphorylation by a dual-speci-
tein kinase. It associates with a regulatory subunit, cyclin ®city (tyrosine and threonine) kinase called MEK that is,
B, and undergoes sequential inhibitory and stimulatory itself, usually activated by an upstream kinase of the Raf
phosphorylations which depend, in turn, on whether the family. Rafs are activated by Ras-type G proteins. Ras can
cell has passed through an internal checkpoint in G2. Cdc2, be activated either by receptor protein±tyrosine kinases or
and cyclins are highly conserved from yeasts through verte- by heterotrimeric G-proteins that are themselves activated
brates. by other cell surface receptors. In addition to Raf, other
Animal primary oocytes are arrested in early prophase of protein kinases including Mos, MEKK, and possibly protein
meiosis I. Meiotic cell division, in contrast to mitotic cell kinase C (PKC) can phosphorylate and activate MEK (Camp-
division, depends on the response of the oocyte to extracel- bell et al., 1995).
lular signals. These include hormones (e.g., vertebrates and Several studies have implicated the MAPK cascade in the
star®sh) and fertilization (e.g., the clam, Spisula); in some initiation of GVBD. In the frog, inhibition or depletion of
organisms (e.g., Chaetopterus) the signals are unknown. It MAPK activity blocks GVBD (Gotoh et al., 1995). MAPK
is unclear how these extracellular signals are transduced becomes tyrosine phosphorylated at GVBD (Jessus et al.,
and ampli®ed to elicit the transition to M phase, character- 1991), and this phosphorylation is dependent on MEK activ-
ized by germinal vesicle breakdown (GVBD). ity (Kosako et al., 1994b); MEK is activated as a result of
The MAPK family, also known as the extracellular signal- phosphorylation by the protein product of the protoonco-
gene Mos (Nebreda and Hunt, 1993; Posada et al., 1993;regulated kinase (ERK) family, could be involved in this
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Shibuya and Ruderman, 1993). Mos protein is synthesized assembly, and migration nor the maintenance of metaphase
arrest.de novo when oocytes are exposed to progesterone (Wata-
nabe et al., 1989), the hormonal stimulus of GVBD. Mos
synthesis also leads to activation of cdc2, and this effect is
MATERIALS AND METHODSdependent upon MAPK function (Huang and Ferrell, 1996).
Finally, microinjection of constitutively active MAPK into Oocytes
frog eggs leads to activation of cdc2 and GVBD (Haccard et
Adult specimens of Chaetopterus pergamentaceus were ob-al., 1995). These results have led to the suggestion that
tained from the Marine Resources Division (Marine Biological Lab-MAPK acts upstream from cdc2 in the induction of GVBD.
oratory Woods Hole, MA) and from Cape Fear Biological (Southport,Other evidence suggests that MAPK activation is necessary
NC). Oocytes were collected and washed in MBL formula calcium-but not suf®cient for activation of cdc2 and GVBD. MAPK-
free arti®cial seawater (CaFASW). Details of oocyte handling proce-
induced GVBD evidently requires protein synthesis (Gotoh dures are given in Eckberg and Hill (1996).
et al., 1995; Haccard et al., 1995), and MAPK may elicit The oocytes were induced to undergo GVBD by exposure either
GVBD through feedback on newly synthesized Mos (Matten to Millipore-®ltered (0.2 mm) NSW or to either 100 nM 12-O-tetra-
et al., 1996). decanoylphorbol-13-acetate (TPA) or 60 mM ionophore A23187 in
Other studies indicate that MAPK has an essential role CaFASW. TPA and A23187 were kept as 10 mM stocks in DMSO.
GVBD was scored by phase-contrast microscopy. Oocytes maturedin cytostatic factor (CSF), the activity responsible for mei-
for 30 min in NSW were activated by addition of 2.5 M KCl to a ®nalotic metaphase arrest. Mos is an essential component of
100 mM. Polar body formation was monitored by phase-contrastCSF (Sagata et al., 1989), MEK activity is essential for the
microscopy and taken as evidence of egg activation.development of CSF (Kosako et al., 1994a), and constitu-
Oocytes used in studies of the effects of PD 98059 (Researchtively active MAPK can itself activate CSF (Haccard et
Biochemicals, Inc.) were exposed to the antagonist for 30 min in
al., 1993). MAPK dephosphorylation after fertilization is CaFASW and then transferred either to NSW containing the antago-
thought to be responsible for the disappearance of CSF nist or to CaFASW containing TPA and the antagonist. PD 98059
(Kosako et al., 1994a). was used from 10 mM stocks in DMSO. Concentrations of DMSO
Though the data are limited, the frog model may not be up to 1% have no effect on these eggs.
widely applicable. Recent studies in star®sh oocytes suggest
that MAPK down-regulates a process that maintains cdc2 Electrophoresis and Immunoblotting
in its inactive form (Abrieu et al., 1997), but since MAPK
Oocyte samples were cultured for the desired time, collected byis activated only after activation of cdc2 (Picard et al., 1996)
brief centrifugation, dissolved in SDS sample buffer (Laemmli,this cannot be a major factor in the regulation of cdc2 in
1970) supplemented with 0.1 mM Na3VO4 and 1 mM NaF, andthese oocytes. Nor can MAPK activation in star®sh be
heated to 1007C for 3±5 min. Samples (3±5 ml, equivalent to 45±linked to CSF, because star®sh oocytes do not arrest at 70 mg protein or approximately 250±400 oocytes) were subjected
metaphase. In the mouse oocyte, Mos is necessary for acti- to electrophoresis on 12 or 10% T/2.6% C minigels and transferred
vation of MAPK, but not that of cdc2; several studies have electrophoretically to PVDF membranes. These were blocked with
suggested an effect of MAPK on meiotic spindle assembly 5% nonfat milk and 0.1% Tween 20 in PBS and probed with anti-
(Choi et al., 1996; Verlhac et al., 1996) and/or nuclear enve- MAPK, anti-tyrosine-phosphorylated MAPK (both included in the
PhosphoPlus MAPK Antibody Kit, Catalog No. 9100, New Englandlope assembly and dissassembly (Moos et al., 1995; Moos
BioLabs, Beverly, MA), anti-cdc2 or anti tyrosine-phosphorylatedet al., 1996).
cdc2 [both included in the PhosphoPlus cdc2 (Tyr15) Antibody Kit,Chaetopterus oocytes can be an excellent model for the
Catalog No. 9110, New England BioLabs], and alkaline phospha-study of GVBD. Unlike vertebrate oocytes, they do not re-
tase-conjugated secondary antibodies (New England BioLabs) ac-quire protein synthesis before GVBD (Zampetti-Bosseler et
cording to the manufacturer's instructions. Antibodies were de-al., 1978). The natural trigger for GVBD is an unknown tected by chemiluminescence. According to the instruction manu-
component in NSW (Ikegami et al., 1976), but phorbol esters als, the phospho-speci®c MAPK polyclonal antibody to a synthetic
can elicit a morphologically normal GVBD with activation tyrosine-phosphorylated peptide corresponding to residues 196±
of cdc2 (Eckberg and Carroll, 1987; Eckberg and Palazzo, 209 of human p44MAPK detects phosphorylated Y-204 of Erk1 and
1992; Eckberg et al., 1996). Indeed, it is likely that PKC, Erk2 homologs from yeast through vertebrates, but does not cross-
react with p38MAPK or JNK/SAPK; the control MAPK polyclonalthe intracellular phorbol ester receptor, plays a signi®cant
antibody was produced against a synthetic peptide corresponding torole in transducing the stimulus for GVBD (Eckberg et al.,
residues 350±360 of p44MAPK. The phospho-speci®c cdc2 polyclonal1996). Whether induced by NSW or by PKC activators, the
antibody to a synthetic tyrosine-phosphorylated peptide corre-oocytes arrest again at metaphase I; thus the entry into M
sponding to residues 6±24 of human cdc2 detects phosphorylatedphase occurs independently of subsequent cell cycle events.
Y-15 of cdc2 and cdk2, but does not cross-react with other tyrosine-Here, we have examined the possible involvement of phosphorylated proteins.
MAPK in GVBD and metaphase arrest in Chaetopterus oo-
cytes. The results show that MAPK is activated very
In-Gel Kinase Assayquickly and transiently upon stimulation of GVBD. This
activation precedes that of cdc2, but appears to be necessary MAPK activity was measured in SDS±polyacrylamide gels by a
slight modi®cation of previously published methods (Kameshitafor neither the activation of cdc2, GVBD, normal spindle
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and Fujisawa, 1989; Shibuya et al., 1992). Gels were cast as above
with and without 0.5% myelin basic protein (MBP, Life Technolo-
gies) added to the gel mix. After electrophoresis SDS was removed
by two 30-min washes with 100 ml (all volumes are per gel) 20%
isopropanol, 50 mM Tris±HCl, pH 8.0, and a 1-hr wash in 250 ml
1 mM DTT, 50 mM Tris±HCl, pH 8.0. Proteins were denatured in
two 30-min washes with 100 ml 6 M guanidine±HCl, 20 mM DTT,
2 mM EDTA, 50 mM Tris±HCl, pH 8.0. Proteins were allowed to
renature at 47C with ®ve changes (over 18 hr), 100 ml each, of 1
mM DTT, 2 mM EDTA, 0.04% Tween 20, 50 mM Tris±HCl, pH
8.0. Gels were then incubated in 10 ml of 1 mM DTT, 0.1 mM
EGTA, 20 mM MgCl2, 10 mg/ml synthetic cAPK inhibitor (Sigma),
10 mM R24571, 40 mM Hepes-NaOH, pH 8.2; MBP kinase activity
was subsequently assayed by a 12-hr incubation at room tempera-
ture in 10 ml of the same buffer supplemented with 30 mM ATP
and 100 mCi [g-32P]ATP (New England Nuclear). The reaction was
stopped with six 1-hr washes in 5% TCA containing 1% Na-pyro-
phosphate. The gels were dried and autoradiographed.
cdc2 Kinase Assay
Cdc2 activity was assayed by a modi®cation of our previous
procedure (Eckberg and Palazzo, 1992). Oocytes were incubated 15
min in CaFASW, NSW, or CaFASW containing TPA. Other oocytes
were preincubated for 30 min in 100 mM PD 98059 in CaFASW
followed by incubation in either NSW or CaFASW containing TPA
for 15 min. Oocytes were then centrifuged, suspended in 2 vol assay
buffer (60 mM b-glycerophosphate, 30 mM p-nitrophenylphos-
phate, 15 mM Hepes±NaOH, pH 7.2, 15 mM EGTA, 1 mM DTT,
10 mM NaF, 15 mM MgCl2, 0.1 mM Na3VO4, 1 mM benzamidine,
25 mg/ml leupeptin, 25 mg/ml aprotinin), and frozen at 0807C.
Lysates were thawed on ice and centrifuged 15,000 rpm for 15
min at 27C. Six-microliter aliquots of the supernatants were added FIG. 1. Immunoblot showing tyrosine phosphorylation of MAPK
to 4 ml assay buffer with or without 250 mM olomucine (Promega) before GVBD in Chaetopterus oocytes. Blots were reacted with an
and incubated for 5 min at 27C. Then 10-ml assay buffer containing antibody speci®c for tyrosine-phosphorylated MAPK. The top panel
200 mM ATP, 100 mCi/ml [g-32P]ATP, 100 mg/ml histone (type IIIS, shows the phosphorylation in oocytes induced to undergo GVBD
Sigma), and 10 mg/ml synthetic cAPK inhibitor was added and the by natural seawater (NSW). The bottom panel shows MAPK phos-
samples were incubated 15 min at 227C. For samples preincubated phorylation in oocytes induced to undergo GVBD by 100 nM TPA.
with olomucine, the assay buffer also contained 100 mM olomucine. Symbols: M, control nonphosphorylated mammalian MAPK; PM,
Then an equal volume of 21 SDS sample buffer was added and the control tyrosine-phosphorylated mammalian MAPK; the numbers
samples were heated to 1007C and subjected to electrophoresis on refer to minutes after exposure to the initiating stimulus. GVBD
13.5% T/2.6% C gels. Gels were stained with Coomassie blue, occurs about 8 min and metaphase arrest occurs by 15 min after
dried, and autoradiographed. exposure to either stimulus. Mobilities of molecular mass stan-
dards are given in kDa on the far left.
RESULTS
®rst contacted NSW, at which time the oocytes were ar-MAPK Phosphorylation and Activation Precede
rested at metaphase I.GVBD
Control experiments (Fig. 2) were performed using an an-
tibody that recognizes a different domain of the MAPK pro-Exposure of oocytes to NSW resulted in rapid, transient,
tyrosine phosphorylation of a MAPK with an electropho- tein and does not discriminate between its tyrosine-phos-
phorylated and nonphosphorylated forms. The amount ofretic mobility very slightly slower than that of tyrosine-
phosphorylated mammalian p42MAPK (Fig. 1). Phosphory- protein recognized by this antibody did not change during
or after GVBD, showing that the decrease in MAPK tyrosinelated MAPK could be detected within 1 min of exposure of
the oocytes to seawater and reached a peak 3±4 min later. phosphorylation after GVBD is due to dephosphorylation
and not to degradation of the protein. This antibody recog-After GVBD occurred at 8±9 min and metaphase spindles
migrated to the cortex 12±15 min after exposure of the nized two proteins, the p42/p44 MAPK and another of
slightly larger apparent molecular mass. Its identity is un-oocytes to NSW, MAPK tyrosine phosphorylation de-
creased, becoming undetectable by 30 min after the oocytes known; it may be another member of the MAPK family,
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phosphorylation in the same region of the gel as the protein
recognized by the MAPK antibodies. MAPK was greatly ac-
tivated in oocytes stimulated to undergo GVBD by either
NSW or TPA. Indeed, MAPK represents a very large propor-
tion of the MBP kinase activity in the gels from oocytes
stimulated to undergo GVBD. Another kinase of approxi-
mately 180 kDa was also capable of phosphorylating MBP,
but its activity did not change in oocytes undergoing GVBD.
Three other kinases of approximately 90, 55, and 52 kDa
were not selective for MBP and their activities did not
change in oocytes undergoing GVBD.
MAPK Is Not Activated as the Result of Egg
Activation
In Spisula oocytes, GVBD is a part of the egg activation
program after fertilization, and MAPK is phosphorylated
FIG. 2. Immunoblot showing MAPK content in Chaetopterus oo- after egg activation by sperm or KCl (Shibuya et al., 1992);
cytes during GVBD and oocyte activation. The antibody used in
in Chaetopterus oocytes, GVBD precedes fertilization, andthis experiment recognizes a different domain of the protein and
the oocytes arrest again at metaphase I of meiosis until theydoes not discriminate between tyrosine-phosphorylated and non-
are fertilized or arti®cially activated. Accordingly, we testedphosphorylated MAPK. The numbers represent the time in minutes
whether MAPK becomes tyrosine-phosphorylated as a con-after induction of GVBD by NSW or TPA or after parthenogenetic
sequence of egg activation as well as the induction of GVBDactivation by 100 mM KCl. Other symbols are as given in the legend
to Fig. 1. Mobilities of molecular mass standards are given in kDa (Fig. 4). The results showed that MAPK is not tyrosine-
on the far left. phosphorylated after egg activation. Control experiments
(Fig. 2) showed that MAPK protein persists at the same
concentration after egg activation, even though it is not
tyrosine-phosphorylated or (evidently) enzymatically ac-
but if so, it does not become tyrosine-phosphorylated at
GVBD so it must not be a part of the signal transaction
pathway at GVBD. We have recently reported (Eckberg et
al., 1996) that another antibody to mammalian MAPK rec-
ognizes two polypeptides in Chaetopterus oocytes of these
molecular masses. The present results demonstrate that al-
though MAPK becomes tyrosine-phosphorylated prior to
GVBD, no mobility difference between tyrosine-phosphory-
lated MAPK (5 and 10 min after exposure to NSW) and
nonphosphorylated MAPK (0 and 20 min after exposure to
NSW) can be detected in our gel system. This con®rms
our previous observations, but demonstrates that our earlier
conclusionÐthat MAPK is not activated prior to GVBDÐ
is incorrect.
Exposure of oocytes to 100 nM TPA in CaFASW also
resulted in rapid tyrosine phosphorylation of MAPK (Fig.
1). The response was slightly but reproducibly more rapid
in oocytes induced to undergo GVBD by TPA than in those
stimulated with NSW. Furthermore, MAPK phosphoryla-
tion persisted longer in oocytes stimulated with TPA than
in those stimulated with NSW. Experiments using antibody
to control MAPK gave similar results in both TPA-stimu-
lated and NSW-stimulated oocytes (Fig. 2).
FIG. 3. In-gel kinase assay of Chaetopterus oocyte proteins. TheWe performed in-gel kinase assays to determine whether
gel on the left was cast with 0.5 mg/ml myelin basic protein (MBP)
tyrosine-phosphorylated MAPK shows increased enzymatic in the gel mix; that on the right was cast without it. The arrow
activity (Fig. 3). Gels lacking MBP exhibited a band at the indicates the position of MAPK. Oocytes were exposed to the iden-
molecular mass of MAPK whose activity increased in oo- ti®ed treatment (CaFASW, NSW, or TPA) for 5 min prior to lysis
cytes stimulated to undergo GVBD with either NSW or in SDS sample buffer. Mobilities of molecular mass standards are
given in kDa on the far left.TPA. Gels containing MBP exhibited greatly increased
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FIG. 5. Immunoblot analysis of MAPK tyrosine phosphorylation
after other treatments. Blots were reacted with the antibody used
in Fig. 1. Oocytes were either exposed to ionophore A23187 in
CaFASW (top panel) or they were exposed to PD 98059 in CaFASW
for 30 min and then to the same antagonist in NSW (lower panel).FIG. 4. Immunoblot analysis showing MAPK is not tyrosine-
The symbols are as given in the legend to Fig. 1. Mobilities ofphosphorylated after egg activation by KCl. Blots were reacted with
molecular mass standards are given in kDa on the far left.the antibody used in Fig. 1. Numbers represent time in minutes
after exposure of metaphase-arrested oocytes to 100 mM KCl in
NSW. Other symbols are as given in the legend to Fig. 1. Mobilities
of molecular mass standards are given in kDa on the far left.
These then became ameboid but did not cleave. Ameboid
contraction without cleavage is characteristic of the early
phases of differentiation without cleavage (Eckberg and An-
derson, 1995), the result of parthenogenetic activation ortive. Thus the activation of MAPK is speci®c to the initia-
polyspermic fertilization in this organism (Lillie, 1902).tion of GVBD.
cdc2 Dephosphorylation Follows MAPKMAPK Is Phosphorylated in Response to Ionophore
PhosphorylationA23187
cdc2 becomes activated in Chaetopterus oocytes undergo-Concentrations of ionophore A23187 known to elicit
ing GVBD (Eckberg and Palazzo, 1992). We used immu-GVBD (Eckberg and Carroll, 1982) also elicited MAPK phos-
noblotting to test whether this enzyme becomes tyrosinephorylation (Fig. 5). Like that induced by NSW or TPA, the
dephosphorylated in these oocytes before GVBD. In contrastphosphorylation induced by treatment of the oocytes with
to previous results using probes for phosphotyrosine thationophore was rapid and transient, following a time course
were not selective for cdc2 (Eckberg et al., 1996), we foundvery similar to that in oocytes stimulated by NSW or TPA.
that cdc2 becomes dephosphorylated on tyrosine at GVBD
whether induced by NSW or by TPA (Fig. 6). However, the
MAPK Is Phosphorylated by MEK prior to GVBD
PD 98059 is a selective inhibitor of MEK and therefore
inhibits the activation of MAPK (Alessi et al., 1995; Dudley
et al., 1995). Prior exposure of oocytes to 30 mM PD 98059
completely blocked tyrosine phosphorylation of MAPK in
response to both NSW (Fig. 5) and TPA (data not shown).
This indicates that MEK is responsible for phosphorylating
and activating MAPK before GVBD.
Phosphorylation of MAPK Is Not Required for
GVBD or Spindle Formation
Exposure of oocytes to PD 98059 at concentrations as
high as 100 mM failed to block or even delay GVBD in re-
FIG. 6. Immunoblot analysis of cdc2 tyrosine-15 phosphorylation.sponse to either NSW or TPA (data not shown). This con-
Oocytes were exposed to NSW (top panel) or TPA (bott. panel) andcentration is at least threefold higher than that needed to
sampled at the indicated times (in minutes) after exposure to the
block MAPK phosphorylation; thus MAPK phosphorylation stimulus. Blots were probed with an antibody speci®c for cdc2
is not a prerequisite for GVBD. Oocytes that underwent phosphorylated on tyrosine-15. C and PC identify control nonphos-
GVBD in NSW containing PD 98059 could be fertilized, phorylated and tyrosine-15-phosphorylated mammalian cdc2, re-
form normal polar bodies, and cleave normally. Those that spectively. Mobilities of molecular mass standards are given in kDa
on the far left.underwent GVBD in TPA and PD 98059 could be fertilized.
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dephosphorylation and activation of cdc2 is gradual and not
complete until 15±20 min after exposure of the oocytes to
the stimulus. Thus it is delayed several minutes relative
to the phosphorylation of MAPK (cf. Fig. 1). The gradual
dephosphorylation correlates with gradual activation of
cdc2 previously reported (Eckberg and Palazzo, 1992). It is
interesting that GVBD occurs before this protein is com-
pletely dephosphorylated. Similar results have been re-
ported for Spisula oocytes (Shibuya et al., 1992).
FIG. 8. Activation of cdc2 in response to NSW or TPA whethercdc2 Tyrosine Dephosphorylation Is Independent
or not MAPK is activated. Left panel: Oocytes were incubated 15of MAPK Tyrosine Phosphorylation
min in CaFASW, NSW or TPA with or without a 30 min preincuba-
We then tested whether PD 98059 also blocked the de- tion in 200 mM PD 98059 in CaFASW. After lysis, histone H1
phosphorylation and activation of cdc2. Cdc2 tyrosine phos- phosphorylation was assayed. Proteins were separated by SDS-
PAGE; gels were dried and autoradiographed. Right panel: Assayphorylation decreased in oocytes that had been treated with
was carried out similarly, except that 100 mM olomucine was in-PD 98059 and had not undergone MAPK activation (Fig.
cluded in the assay mix to inhibit cdc2 activity. This reduced his-7), as it did in controls undergoing GVBD. Kinase assays
tone H1 phosphorylation by at least 90%.con®rmed that the treatment of oocytes with PD 98059 did
not prevent the activation of cdc2 (Fig. 8).
Further indication that cdc2 dephosphorylation is inde-
pendent of MAPK activation came from studies of iono-
GVBD and takes place several minutes before cdc2 becomesphore A23187-stimulated oocytes. Although MAPK became
activated. The evidence for such activation comes from im-tyrosine-phosphorylated within 2±3 min in response to the
munoblotting studies using an antibody speci®c for the ty-ionophore, cdc2 did not become tyrosine-dephosphorylated
rosine-phosphorylated active form of the enzyme and is con-even after a half hour exposure to ionophore A23187 (Fig.
®rmed by in-gel protein kinase assays. Nevertheless, activa-7), despite the fact that the germinal vesicles disappeared in
tion of MAPK does not appear to be essential for eitherless than 15 min. Since cdc2 is not activated in ionophore-
GVBD, spindle formation, metaphase arrest, or subsequenttreated oocytes, even though MAPK is, activation of MAPK
normal development. The evidence for this is that PDneed not lead to activation of cdc2.
98059, a speci®c inhibitor of MEK, blocks MAPK activation
but does not inhibit any of these cellular processes and that
exposure of the oocytes to ionophore A23187 activatesDISCUSSION
MAPK but not cdc2.
Evidence obtained in frog oocytes suggests that activation
The results of the present study demonstrate that MAPK of MAPK may be an important component of the signal
is rapidly and strongly activated prior to GVBD in Chaetopt- transduction cascade leading to activation of cdc2 and
erus oocytes. This activation is speci®c to the induction of GVBD (Posada and Cooper, 1992; Kosako et al., 1994b; Go-
toh et al., 1995; Huang and Ferrell, 1996). Progesterone
somehow initiates Mos mRNA polyadenylation (Sheets et
al., 1995); this increases the synthesis of Mos protein (Wata-
nabe et al., 1989). Mos phosphorylates and activates MEK
(Posada et al., 1993; Shibuya and Ruderman, 1993; Shibuya
et al., 1996), which then phosphorylates and activates
MAPK. Further evidence indicates that MAPK has an essen-
tial role in CSF. Mos is an essential component of CSF
(Sagata et al., 1989). MAPK phosphorylation is essential for
the development of CSF activity, and MAPK dephosphory-
lation may be responsible for the disappearance of CSF after
fertilization (Kosako et al., 1994a). Finally, constitutively
active MAPK can itself activate CSF (Haccard et al., 1993).
FIG. 7. Immunoblot analysis of tyrosine-15 phosphorylation of The extent to which the frog signal transduction pathway
cdc2 after other treatments. Blots were reacted with the antibody
at GVBD is a model for that in other organisms is unclear.used in Fig. 6. Oocytes were either exposed to ionophore A23187
Mos has not been demonstrated in invertebrates to the bestin CaFASW (upper panel) or they were exposed to PD 98059 in
of our knowledge, so any function for this protooncogeneCaFASW for 30 min and then to the same antagonist in NSW (lower
in invertebrate GVBD is moot. In star®sh oocytes, MAPKpanel). Other symbols are as given in the legend to Fig. 1. Mobilities
of molecular mass standards are given in kDa on the far left. activation occurs after cdc2 activation (Picard et al., 1996;
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for GVBD in this organism. The results of the present study
show that ionophore A23187 triggers disappearance of the
germinal vesicle by an abnormal and probably artifactual
process that bypasses the normal control mechanisms since
cdc2 was not dephosphorylated or activated in ionophore-
stimulated eggs. How germinal vesicles can disappear with-
out activation of cdc2 is unclear, but it is possible that
the violent ameboid contractions the oocytes undergo in
response to ionophore somehow obliterate the germinal
vesicles. A possibly similar behavior has been reported for
Spisula eggs in response to calmodulin antagonists in which
germinal vesicles disappear though an atypical mechanism
that requires micro®lament function (Carroll and Eckberg,
1986). A comparable or analogous mechanism might oper-
FIG. 9. Biochemical pathways activated by PKC at GVBD in
ate in ionophore-stimulated Chaetopterus oocytes. In anyChaetopterus oocytes. PKC is activated by DAG synthesis, and it
case, the ®nding that MAPK is activated in A23187-treatedactivates two independent pathways, one leading to the activation
oocytes but cdc2 is not further dissociates MAPK activationof cdc2 and GVBD and the other leading to the activation of MAPK.
from that of cdc2, because it shows that activation of MAPKSteps that are uncertain are indicated with the symbol (?). It is not
does not necessarily lead to dephosphorylation or activationknown whether Raf mediates the activation of MAPK by PKC.
Also, we cannot be certain that cdc25 mediates the activation of of cdc2.
cdc2 by PKC or how PKC might activate cdc25. The results of this study provide further support for the
hypothesis that PKC is a key regulator of GVBD in this organ-
ism (Eckberg and Carroll, 1987; Eckberg and Palazzo, 1992;
Eckberg and Szuts, 1993; Eckberg and Anderson, 1996; Eck-
berg et al., 1996). We have previously shown that PKC activa-Abrieu et al., 1997), so it cannot be an absolute prerequisite
for cdc2 activation. In the mouse oocyte, Mos is necessary tion can elicit GVBD and a constellation of biological and
biochemical responses associated with it. Indeed, we have yetfor activation of MAPK, but not cdc2 or GVBD; however,
MAPK may affect meiotic spindle assembly (Choi et al., to ®nd a single biochemical or morphological process associ-
ated with GVBD in this organism that is not triggered by1996; Verlhac et al., 1996) and/or nuclear breakdown and
reformation (Moos et al., 1995, 1996). activators of PKC. The present study adds the activation of
MAPK to this constellation, but clearly shows that the mecha-The results of the present study as well are inconsistent
with an interpretation in which the activation of MAPK is nism by which PKC activates MAPK is a separate pathway
from that by which PKC activates cdc2 (Fig. 9).either necessary or suf®cient for the activation of cdc2 and
GVBD or for the maintenance of CSF and metaphase arrest. We suggest the following as the mechanism of activation
of MAPK by PKC (Fig. 9). Since Raf-1 is a known substrateIf MAPK activation were essential for the activation of cdc2,
GVBD and cdc2 tyrosine dephosphorylation should not of PKC in mammalian cells (Kolch et al., 1993) and is
known to mediate some effects of PKC in vivo (Bruder ethave occurred in oocytes treated with PD 98059 in which
MAPK was not activated. If MAPK were required for meta- al., 1992), we suggest that PKC phosphorylates and activates
a member of the Raf family. Raf then phosphorylates andphase arrest, they should not have arrested at M phase,
because MAPK became dephosphorylated before metaphase activates MEK, which phosphorylates and activates MAPK.
Since diacylglycerol, the physiological activator of PKC, isarrest, and PD98059 did not block metaphase arrest. Thus
active MAPK is not essential for the maintenance of CSF synthesized abundantly before GVBD induced by NSW
(Eckberg and Szuts, 1993), it is likely that this same pathwayor metaphase arrest in these oocytes. The present results
are also inconsistent with an interpretation in which MAPK is activated in normally induced GVBD.
Though they rule out several possible answers, the pres-has an essential role in spindle organization, since polar
body formation and cleavage were normal in fertilized eggs ent results do not answer the question of why MAPK is
activated before GVBD. MAPK becomes greatly activatedthat underwent GVBD in PD 98059.
Long ago, we reported that GVBD in Chaetopterus oo- in many, if not all, oocytes in association with GVBD, and
this activation is speci®c to GVBD. If it is an essential signalcytes could be triggered by ionophore A23187 (Eckberg and
Carroll, 1982), suggesting a role for increased intracellular for cdc2 activation, Chaetopterus oocytes treated with PD
98059 and star®sh oocytes, in which MAPK is activatedfree Ca2/ in this response. However, later attempts to mea-
sure a Ca2/ response in naturally induced oocytes using after cdc2, should not activate cdc2 or undergo GVBD, but
they do. If the only function of MAPK is to activate CSF,microinjected semisynthetic recombinant aequorins were
unsuccessful (A. L. Miller and W. R. Eckberg, unpublished why does MAPK become activated in star®sh oocytes that
do not undergo metaphase arrest, and how do Chaetopterusobservations) despite our ability to measure large waves of
Ca2/ at egg activation (Eckberg and Miller, 1995), indicating oocytes arrest at metaphase in the presence of PD 98059?
If the function of MAPK is to control spindle organization,that increased cytoplasmic free Ca2/ is not a normal signal
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of protein kinase C in germinal vesicle breakdown in Chaetopt-why do PD 98059-treated oocytes form typical polar bodies
erus. Dev. Growth Differ. 29, 489±496.after fertilization? For the present we cannot answer these
Eckberg, W. R., and Hill, S. D. (1996). ChaetopterusÐOocyte matura-paradoxes. However, it is clear that some signi®cant in-
tion, early development, and regeneration. BB-MMER [serial on-sights into the mechanisms that elicit cdc2 activation and
line], http://www.mbl.edu/html/BB/MMER/ECK/Eck.Tit.html.GVBD in animals can be obtained only from the study of
Eckberg, W. R., Johnson, M. R., and Palazzo, R. E. (1996). Regula-
oocytes other than those of the frog. tion of maturation-promoting factor by protein kinase C in Chae-
topterus oocytes. Invertebr. Reprod. Dev. 30, 71±79.
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